BaNb 0.3 Ti 0.7 O 3 /Si p-n junction combining the functional properties of oxide and Si electronics was fabricated by laser molecular-beam epitaxy, and the multifunctional properties of rectification, ferroelectricity and photoelectricity were experimentally studied. The good rectifying I-V characteristics, nanosecond ultrafast photoelectric effect, and ferroelectric property due to the interface enhancement were observed experimentally. 13 However, to our knowledge, as a basic element for application, BaTiO 3 p-n junction has not been reported anywhere other than in our previous paper on the rectifying current-voltage ͑I-V͒ characteristics of BaTiO 3 p-n junctions.
Barium titanate ͑BaTiO 3 ͒ is one of the most extensively investigated perovskite oxide materials because of its remarkable ferroelectric, dielectric, pyroelectric, electrooptical, and nonlinear optical properties.
1-5 BaTiO 3 thin films have attracted much attention for their potential applications. A large number of papers have been focused on the fabrication and properties of BaTiO 3 thin films as well as the structural, electrical, and optical properties of Nb-doped BaTiO 3 thin films. [6] [7] [8] [9] [10] [11] [12] Mckee et al. have epitaxially grown BaTiO 3 thin film on Si substrate. 13 However, to our knowledge, as a basic element for application, BaTiO 3 p-n junction has not been reported anywhere other than in our previous paper on the rectifying current-voltage ͑I-V͒ characteristics of BaTiO 3 p-n junctions.
14 In this letter, we will report the results of research on the multifunctional properties of rectification, ferroelectricity and photoelectricity of BaNb 0.3 Ti 0.7 O 3 ͑BNTO͒ and Si p-n junctions.
The BNTO/ Si p-n junctions were fabricated by a computer-controlled laser molecular-beam epitaxy ͑laser MBE͒ system equipped with in situ reflection high-energy electron diffraction ͑RHEED͒. 15 In order to fabricate highquality BNTO thin films on Si substrates and form better p-n interface, we used the two-step method to epitaxially grow the BNTO thin film on Si substrate as described in our previous work. 16 Firstly, about two-unit-cell thick BNTO film was deposited on the substrate surface at room temperature with a base pressure of 3 ϫ 10 −6 Pa in epitaxial chamber. Then, the Si substrate was heated to 620°C and annealed. After the RHEED streak pattern of the initial two-unit-cell thick BNTO film appeared, the BNTO was continuously deposited under the O 2 pressure of 6 ϫ 10 −4 Pa with the substrate temperature kept at 600°C during the deposition. The BNTO film with thickness of about 300 nm was deposited with a growth rate of about one unit-cell layer per 35 pulses. Figure 1 shows a typical x-ray diffraction ͑XRD͒ -2 scan pattern of 300 nm BNTO film on Si substrate. BNTO ͑001͒, ͑002͒, and Si ͑200͒, ͑400͒, and there was no diffraction peaks from impurity phases or randomly oriented grains. The RHEED pattern of 300 nm BNTO on Si substrate is shown in the inset of Fig. 1 . The results of in situ RHEED and ex situ XRD in Fig. 1 indicate that the BNTO film is single phased and epitaxially grown on the Si substrate.
The I-V characteristics of the BNTO/ Si p-n junction were measured by a pulse-modulated current source at room temperature. The schematic circuit is shown in the left inset of Fig. 2 . Our measurement shows that the leakage current in the reverse bias region is about 0.06 mA at −2 V and the ratio of forward and reverse currents reaches 110 in the applied voltage region from −2 to 2 V. In order to investigate the transport phenomenon, the resistance as a function of temperature for the BNTO film was measured by four-probe technique. The R-T curve of BNTO thin film is shown in the right inset of Fig. 2 . The BNTO thin film exhibits a metallike behavior from 5 to 300 K. The carrier concentrations of BNTO film and Si substrate are 1.55ϫ 10 17 cm −3 and 1.45 ϫ 10 15 cm −3 by Hall measurement, respectively. Based on the above results, the I-V characteristics shown in Fig. 2 are dominated by the p-n junction.
The most interesting property of the p-n junction is the ferroelectricity. The polarization versus electric field ͑P-E͒ hysteresis loops were measured with RT6000S ferroelectric test system in virtual ground model at ambient temperature. Figure 3 shows the P-E hysteresis of BNTO/ Si p-n junction, in which an increased reverse field was applied at the beginning of the measurement. The remnant polarization ͑P r ͒ and coercive field ͑E c ͒ for the junction are 1.78 C/cm 2 and 278 kV/ cm, respectively. junction. 17, 18 In the heterostructure of n doped BNTO and p doped Si, a polarization of space charges is formed perpendicular to the interface due to the electrons in Si diffused from BNTO and the holes left in BNTO near the interface of the p-n junction. If we starte our measurement with an increased reverse field, the built-in field of the system will be enhanced, as well as the polarization. Thus, with E perpendicular to the interface, the hysteresis loop mainly results from the space charges in the depletion layer of the p-n junction. It is worthy to note that we have not observed the P-E loop in the BNTO thin film due to the higher Nb-doping ͑30%͒ and very large leakage current. This fact gives a support for the enhanced ferroelectricity originating from the junction interface. The detailed mechanism needs further investigation.
The photoelectric behavior of BNTO/ Si p-n junction ͑2 mmϫ 4 mm͒ was further investigated using a 1064 nm Nd: YAG laser ͑pulse width 25 ps͒ with the energy density of 1 mJ/cm 2 and measured by a 500 MHz digital oscilloscope ͑Tektronix TDS3052B͒. Similar to La 0.7 Sr 0.3 MnO 3 / Si and SrTiO 3−␦ /Si p-n junctions, 16, 19 as shown in Fig. 4 , a photovoltaic pulse has been observed with a rise time of ϳ380 ps ͑10%-90%͒ and a full width at half maximum ͑FWHM͒ of 2 ns when a 5 ⍀ resistance was connected in parallel with the p-n junction and the BNTO film surface was irradiated by a laser pulse. The FWHM of the photovoltaic pulse should actually be narrower because the oscilloscope has limited bandwidth of 500 MHz in our experiment.
For better understanding of the photovoltaic effects of the BNTO/ Si p-n junction, we have also measured the photovoltaic pulse when the Si substrate was irradiated by a laser pulse under the same condition as Fig. 4 . As shown in the inset of Fig. 4 , the magnitude of the photovoltaic pulse was decreased 30 times when the laser was irradiated through the Si substrate rather than through the BNTO film. Figure 5 shows the absorption spectra of the BNTO/ Si and the clean Si substrate used for the BNTO film growth. The measurements were taken at the wavelength range of 650-2600 nm using a FTS 6000 spectrophotometer. It can be seen that a striking absorption occurs near the 1024 nm wavelength ͑1.2 eV͒, maybe resulting from the intermediate levels in the forbidden gap induced by Nb doping or oxygen deficiency which play the role of trapping centers. 20 The laser of wavelength 1064 nm ͑1.16 eV͒ is absorbed in the BNTO film with an absorption length of ␣ −1 , which is larger than BNTO film thickness in our sample, allowing some 1064 nm laser to pass through the BNTO film to the Si substrate. The inset in Fig. 5 shows the schematic band structure of the BNTO/ Si p-n junction under the 1064 nm laser irradiation. The photovoltaic process can be understood as follows. When BNTO film is connected with Si, electrons from BNTO and holes from Si will diffuse into the opposite sides,such that a diffusion barrier is built up around the in- terface, making the carriers in equilibrium on the two sides. Under the 1064 nm laser irradiation, the photons are absorbed to create the photoinduced carriers in both BNTO film and Si ͑band gap is ϳ1.1 eV͒ substrate. In the case of BNTO films, the band-to-interband excitation takes place first, generating nonequilibrium carriers which will be captured by the trapping centers in the gap. Then these trapped carriers will be excited once more by the incident laser and will be transferred into the conduction band. Therefore, near the interface of the p-n junction, photoinduced electrons in conduction band of Si will drift into the conduction band of BNTO film under the built-in field, meanwhile, photoinduced holes in valence band of BNTO will drift into the valence band of Si, eventually leading to the occurrence of a transient photovoltage. Furthermore, when the Si substrate of the junction is irradiated by the same laser pulse, the photoinduced carriers which can diffuse into the interface region are very few in comparison with that incident from BNTO films since the thickness of Si ͑ϳ0.4 mm͒ is much larger than the drift length of nanometer order, 21 so it is reasonable that only the 2.3 mV photovoltaic signal was observed in the inset of Fig. 4 .
In summary, we have fabricated high-quality BNTO/ Si p-n junctions and observed the good rectifying I-V characteristics, ultrafast photoelectric effects, and ferroelectric property. It is noteworthy that the interface of the p-n junction can enhance the ferroelectric property even if the ferroelectric property is not good enough because the ferroelectric property is not present in the higher Nb-doped BNTO film. Further research on improving the ferroelectricity by changing Nb-doping concentration and growth conditions, and investigation on the mechanism behind the interesting phenomena are under way. 
